Transient receptor potential cation channel, subfamily V, member 4 (TRPV4) is a calcium-permeable nonselective cation channel of unknown biological function. TRPV4 mutation was first identified in brachyolmia, and then in a spectrum of autosomaldominant skeletal dysplasias, which includes Kozlowski type of spondylometaphyseal dysplasia, metatropic dysplasia, Maroteaux type of spondyloepiphyseal dysplasia and parastremmatic dysplasia. Recently, TRPV4 mutation has also been identified in a spectrum of neuromuscular diseases that includes congenital distal spinal muscular atrophy (SMA), scapuloperoneal SMA, and hereditary motor and sensory neuropathy type IIC. These diverse spectrums of diseases compose a novel channelopathy, TRPV4-pathy, which could further include polygenic traits such as serum sodium concentration and a chronic obstructive pulmonary disease. In this review, we clarified the TRPV4 mutation spectrum, and discussed the phenotypic complexity of TRPV4-pathy and its pathogenic mechanisms. TRPV4-pathy may extend further to other monogenic and polygenic diseases.
INTRODUCTION
Three interesting articles have recently been published head to tail in Nature Genetics, 1-3 which report identification of mutations in the gene encoding the transient receptor potential cation channel, subfamily V, member 4 (TRPV) 4 in a spectrum of neuromuscular diseases, which includes congenital distal spinal muscular atrophies (SMAs, also known as hereditary motor neuropathies), scapuloperoneal SMA, and hereditary motor and sensory neuropathy type IIC (HMSN IIC, also known as HMSN2C or Charcot-Marie-Tooth disease type 2C). These diseases are all disorders of the peripheral nervous system transmitted as autosomal-dominant traits, but are clinically very heterogeneous. Thus, the discovery that they share a common genetic origin came as a surprise.
TRPV4 is a calcium-permeable nonselective cation channel of unknown biological function. 4 Mutations in TRPV4 had originally been found in a different category of disorders; autosomal-dominant skeletal dysplasias that includes brachyolmia, spondylometaphyseal dysplasia, Kozlowski type and metatropic dysplasia. [5] [6] [7] Recently, we have found TRPV4 mutations in two additional skeletal dysplasias, spondyloepiphyseal dysplasia, type Maroteaux (or pseudo-Morquio, type 2) and parastremmatic dysplasia. 8 Altogether, 29 different mutations have been found in the 'family' of skeletal dysplasias composed of these overlapping, but distinctive entities [5] [6] [7] [8] ( Figure 1 ).
The pathogenic mechanisms entailed by these TRPV4 mutations remain unclear, and the new observation of the 'neuromuscular' phenotypes by the Nature Genetics papers 1-3 makes it all the more interesting. Now, we are shown that the two different groups of diseases-one is the progressive degenerative disorder of the peripheral nerves and the other is the failure of formation and development of hard skeletal tissues manifesting very early in life-are allelic. The observations that a TRPV4 polymorphism (P19S) is significantly associated with serum sodium concentration and with hyponatremia, 9 and TRPV4 SNPs are significantly associated with a chronic obstructive pulmonary disease 10 further underline the extraordinary pleiotropism of TRPV4 mutations. It is noteworthy that neither the two groups of monogenic diseases nor the polygenic disorders show essential phenotypic overlap among each other.
In the face of this phenotypic complexity of the TRPV4-related disease (TRPV4-pathy), we suspect that the pathogenic explanation proposed by these papers could be too simplistic. Four missense mutations at three distinct positions in the TRPV4 protein have been identified in the neuromuscular disorders, all four mutations are within the ankyrin (ANK) repeats of TRPV4, and all involve substitutions of arginine residues. 1-3 Although most 'skeletal' TRPV4 mutations are also missense mutations, they also include a single amino-acid deletion 7 and a frame-shift mutation 8 (Figure 1) . The clustering of 'neuropathic' mutations in the ANK domain is emphasized in the Nature Genetics papers, 1,3 but ANK mutations have been observed in many 'skeletal' phenotypes as well (Figure 1) . It seems equally unlikely that substitution of arginine may have a special significance, as R594H is a very frequent mutation in the skeletal group. 6, 7 Moreover, arginine residues in the ANK domains are not conserved between human TRPV proteins, whereas many of surrounding residues are conserved (Supplementary Figure 1) . Interestingly, the residues corresponding to arginine 269 of TRPV4 are histidine in TRPV1 and cysteine in TRPV2-precisely the substitutions observed by the papers (R269H and R269C). 1-3 If the arginine 269 were indeed crucial to the neuromuscular phenotypes, the mechanism might be a functional trans-specification of TRPV4 toward TRPV1 or TRPV2.
Functional studies would probably shed light on the consequence of distinct mutations; however, present results and conclusion of functional analyses are diverse among the studies. Auer-Grumbach et al. 1 found affected channel maturation that could lead to the reduced surface expression of functional TRPV4 channels. Deng et al. 2 concluded that increased calcium channel activity is a distinct property. Landouré et al. 3 suggested a loss of normal TRPV4 function as well as the toxic effects of abnormal channel opening and calcium influx. A gain-of-function characterized by increased constitutive activity and elevated channel activation by a variety of mechanisms has been suggested for the skeletal disorders. 5, 6 One of the skeletal mutations predicts abolition of the normal C-terminal from P799 and substitution by a stretch of 63 missense amino acids; 8 as the C-terminus of TRPV4 is required for transport to the cell membrane, 11 it seems difficult to hypothesize that the gain-of-function mechanism alone could be responsible. Simple gain and loss of channel activity are also unlikely to explain the two distinct phenotypic groups. As an alternative explanation, mutant TRPV4 proteins might induce aberrant signaling from the endoplasmic reticulum; a similar phenomenon is known to occur with several FGFR3 mutations. 12, 13 At the current state of knowledge, it appears that the phenotypic diversity of TRPV4 mutations cannot be explained by a simple gain/ loss-of-function mechanism, but most likely involve additional molecular partners-for example, proteins interacting with specific domains of TRPV4 or other members of the TRPV4 family that would form heteromultimers with TRPV4-and affect distinct signaling networks. Further accumulation of knowledge on human mutations and detailed evaluation of disease phenotypes would give clue into the pathogenic mechanism. Given the wide range of tissues expressing TRPV4, 4 we would not be surprised if the spectrum of TRPV4-pathy would extend still further to other monogenic and/or polygenic diseases. In addition, we would not be surprised if other TRPV-pathies would be found. 
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